The rise of optical fiber communications in the last three decades has been accompanied with the development of a large number of sensors based on this technology, overcoming in many aspects the characteris-tics of the current electrical sensing systems. Optical fiber sensors pro-vide a wealth of applications in a variety of fields, ranging from struc-tural health monitoring to detection of chemical species. In this article, after enumerating the principal benefits of optical fiber sensors, it is presented a review about the two key aspects of opti-cal fiber sensing system, namely the sensing devices and their interroga-tion methods, respectively. In both parts, the main devices and methods have been included. In the devices section, examples of single-point, multi-point and dis-tributed sensing elements are given. In the same way, a number of inter-rogation methods are briefly described, including standard spectral analysis, interferometry, and time-domain and frequency-domain meth-ods for both point and distributed optical fiber sensing systems.
INTRODUCTION
Advances in fiber optics in the last three decades have promoted a new wave of sensing techniques based on this transmission medium. These systems benefit from optical fiber properties like low losses and electromagnetic interference (EMI) immunity, among others, so its de-velopment undoubtedly goes hand by hand with fiber improvements. Because of that, while the characteristics of optical fiber and photonic devices are improved, optical fiber sensors (OFS) also achieve better performances, offering better capabilities than the traditional electrical sensors.
The main advantages offered by optical fiber in OFS are:
• Reduced size. Optical fiber diameter is usually in the order of a millimeter fraction. Including coating and jacket. That makes OFS a good choice for sensing inside small spaces.
• Lightweight. Use of silica instead of copper makes OFS an ideal option for sensing in environments where weight is critical, as can be strain monitoring in aeronautical structures [1] or wind turbine blades [2] .
• EMI immunity. It is usually stated how suitable is the use of OFS in high EM radiation conditions thanks to its immunity like tem-perature measuring inside electrical transformers [3] .
• Zero-electricity sensing devices. OFS usually do not need electrical power in the same way like electrical sensors. Light can be generat-ed far away from the sensing point, sent to the sensor over fiber and returned also over fiber to a central monitoring station, so no electricity reaches the sensing point and no EMIs are originated by the sensor at all, a key point in systems sensitive to them.
• Corrosion immunity. As they are based on silica, its inertness is an advantage in outdoor applications like structure health monitor-ing (SHM) [4] , [5] .
• High temperature tolerance. The silica melting point of 1713 °C, more than 600 °C over copper, certifies OFS for work at high temperature conditions like inside jet engines [6] .
• Low losses. As low as 0.17 dB/km up to date [7] , enabling long distance remote sensing [8] , spatial multiplexing of thousands of reflectometers [9] and channel dispersion interrogation methods [10] .
• Wide bandwidth. It allows multiplexing of several sensors con-currently interrogated responding each one at a different wave-length.
Moreover, the increasing number of fiber systems for telecommu-nication purposes have brought about a cost reduction of fiber and oth-er optical components due to the mass production and a constant re-search toward better characteristics, like for example lower-loss fibers. OFS systems also benefit from that. This review will be focused on the two main OFS aspects: the de-vice whose properties are modified by the medium as a reaction to a change in the measurand (i.e. the sensor) and the interrogation method, which is the technique used to measure the property change in the de-vice.
DEVICES
An OFS could be described as a device based on an optical fiber that modifies basic properties of the light that propagates through or is reflected on it, like the intensity, the wavelength, the phase, the polari-zation or the propagation time, as a response to an external physical or chemical stimulus. "Based on an optical fiber" means that not always the fiber can sense the stimulus so a transducer may be needed. Some examples are given next in this section with and without transducer.
Focusing on OFS classification, it is usual to group them by its configuration: single-point, multipoint or quasi-distributed and distrib-uted.
The first one stands for systems with a unique sensing point along the fiber, the second for multiple sensing points distributed along the fiber, giving each one its own measure, and the last for a continuous (non-discrete) region along the fiber where the interrogation equipment fixes the sensing points or resolution, similar to a typical optical time-domain reflectometry (OTDR) test trace. As a comment, multipoint sys-tems are sometimes referred to as quasi distributed when the sensing points spacing is comparable to the resolution provided by the interro-gation technique in distributed sensing.
In the following, some common OFS devices types and its main applications are described.
Optical fiber gyroscope
They basically consist in introducing a split beam of light with enough coherence length (i.e. laser) into an optical fiber coil from its two ends.
Simultaneously, the light going out from both ends is combined and detected and so, the output current in the photodetector will be proportional to the interference level. At this point and supposing equal travelling times between the beam splitter and the input ends and also between the output ends and the combining point, both light beams following opposite directions would experiment equal travelling times for the whole paths thus involving total constructive interference at detection and maximum photocurrent.
However, if the coil is rotated around its axis, one beam will see the detector getting closer while the other will see it getting away from it.
In this case, since the speed of light is always constant no matter the medium relative movement, the travelling times will be reduced and increased respectively, so the interference will be displaced from the total constructive point.
In this way, the rotation speed, proportional to the phases mismatching Δϕ, could be obtained from the photocurrent level, proportional to the interference level cos(Δϕ/2). This phenomenon is called Sagnac effect, first observed by the French physicist Georges Sagnac in 1913 [11] . In figure   1 it is represented an optical fiber multiple loop Sagnac interferometer. When more loops are added, more sensitivity is achieved.
Unlike mechanical ones, optical fiber gyroscopes have no moving parts and provide extremely high precision [12] . First observation of the Earth rotation with an optical gyroscope was achieved in 1925 by the physicists Albert Michelson and Henry Gale [13] and nowadays they are used in gyrocompasses and inertial navigation systems.
Microbending
Periodic variations in a waveguide structure can lead to coupling between counterpropagating modes, in other words, partial reflection.
The stronger the variation is, the stronger the coupling [14] . Microbend-ing-based OFS consist in placing transducers along the fiber that gener-ate periodic variations in the waveguide, a periodic bending, with a de-formation proportional to the stimulus strength. In this way, such a system can be then interrogated with, for example, a commercial OTDR.
One of its applications is pressure sensing. In this case, the trans-ducer is formed by a pair of saw-toothed shoes pressing the fiber from opposite sides with the peaks of one lined up with the valleys of the second and vice versa, as is shown in figure 2. A higher pressure will imply a stronger deformation and thus a stronger reflectivity [15] .
A second application example is liquid leakage sensing. Now, the transducer is a chemically selective swellable rod tied up parallel to the fiber with a helical wrap (with constant pitch) as the one that appears in figure 3. With this configuration, once a section of the rod comes into contact with the design substance (oil, water, etc.), it will expand itself tightening the fiber periodically due to the helical wrapping and generat-ing a partial back reflection [16] , [17] .
Faraday effect
Polarized light travelling inside a magnetic field suffers a rotation of its polarization plane proportional to the magnetic flux component parallel to the propagation direction B. This magneto-optic effect is known as Faraday effect and is also proportional to the interaction dis-tance d and the Verdet constant υ, given by the material and represent-ing the rotation angle for a given magnetic flux intensity and interaction distance.
The polarization plane rotation angle β can be obtained as:
Based on this effect, magnetic field and electrical current sensors can be developed. The first can be implemented intrinsically, and the latter, wrapping a coil of fiber around a conductive cable. This way, the magnetic field generated by the current, which will be proportional to it and tangent to the cable surface, will have the same direction as the light propagation inside the fiber coil, entailing a polarization plane ro-tation proportional to the current intensity. The more fiber loops around the cable, the more the polarization plane is rotated and thus the higher the sensitivity is. Figure 4 shows a current OFS schematic based on the Faraday effect. PCF obtains its guiding properties from arranging spatial air holes along the fiber instead of an index radial variation [18] , while SPR sen-sors are total or partially decladded fiber sections with metal deposi-tions that, based on the metal-dielectric interaction, can detect changes in the external refractive index. A more extended review on PCF and SPR sensor can be found in [19] .
Fiber Bragg Gratings
As in the case of microbendings, fiber Bragg gratings (FBG) are periodic variations in the fiber core refractive index along the longitudi-nal dimension that produce partial reflection of the incident light [14] . The central wavelength of a spectrum portion which is reflected by an FBG is given by the spatial period and the intensity and bandwidth are related to the number of periods and the index variation strength. The key point of FBGs lays on the reflected wavelength dependence on the spatial period, which turns them into an intrinsic strain and tempera-ture sensors given that both stimuli modify it, one due to the mechani-cal lengthening and the other due to thermal expansion.
Other points in favor are easy fabrication, possible spatial multi-plexing of many low reflective or weak FBGs (thousands) [9] as well as wavelength multiplexing by centering them at different wavelengths and the no need of a transducer. More information about FBG sensors can be found in [20] .
Fabry-Pérot Interferometers
Fabry-Pérot interferometers (FPI) are also employed as OFS, mainly as strain sensors in SHM applications. Its operation principle is simple: the wavelengths reflected in the device divided by two will be integer multiples of the cavity length. Thus, analyzing the reflected wavelength it is possible to obtain the cavity length and therefore the elongation suffered by the sensor.
FPI OFS can be classified in three major groups [21] :
• Intrinsic FPI. Generated by a pair of imperfect (reflective) fiber splices at a given distance (figure 5.a). The cavity length will de-pend on the fiber strain.
• Extrinsic FPI. Built splitting a fiber, fitting the new ends inside an alignment tube leaving a hollow space and fixing them to the tube by glue or welding ( figure   5 .b). The space between them will act as a FPI where the tube deformation due to strain will modify the cav-ity length.
• In-Line Fiber Etalon. In this case, a fiber is also split but the new ends are now spliced to a "hollow-core" fiber section (figure 5.c). In-Line Fiber Etalon. Adapted from [21] .
Absorption cell
As in an extrinsic FPI OFS, the new ends of a split optical fiber can be inserted into an encasing, but this time porous, leaving a certain spacing between them that will be filled by the neighboring atmosphere, as is represented in figure 6 . In this way, the light passing through the cell will experiment attenuation at the atmosphere gases absorption lines proportional to the concentration, so with a previous calibration and interrogating the device at such wavelengths, it is possible to obtain gas concentrations from the absorption levels observed in the output spectrum [16] .
This kind of cells presents some advantages over other gas sensors: the fiber is not exposed as in "D"-shaped OFS and they do not need electrical power like pellistors. Brillouin scattering is a similar process generating both Stokes and anti-Stokes waves, but corresponds to collective acoustic vibrations among molecules, resulting in frequency shifts in the ~10 GHz range for optical fiber. It is dependent on the fiber density, which is in turn a function of strain and temperature [21] , [5] . In order to decouple the temperature and strain measurements, Brillouin and Rayleigh scatter-ings can be read simultaneously [23] . Brillouin scattering is a similar process generating both Stokes and anti-Stokes waves, but co- rresponds to collective acoustic vibrations among molecules, resulting in frequency shifts in the ~10 GHz range for optical fiber. It is dependent on the fiber density, which is in turn a function of strain and temperature [21] , [5] . In order to decouple the temperature and strain measurements, Brillouin and Rayleigh scatter-ings can be read simultaneously [23] .
Nonlinear backscattering

INTERROGATION METHODS
Another fundamental part of OFS systems is the interrogation method chosen to acquire the sensing device state that reflects the measure.
In the foregoing the main techniques are briefly described.
Leaving aside purely spectral measurement, it is common to classi-fy them in three major ca- 
Spectral analysis
We briefly describe the two most common instruments for spectral analysis in OFS. 
Direct Detection Optical Time Domain Reflectometry (DD-OTDR)
Principally known just as OTDR, it is the most common technique used in optical networks testing. Here the "direct detection" surname is meant to differentiate it from its coherent version 
Coherent Optical Frequency Domain Reflectometry (C-OFDR)
As a coherent technique, it requires a laser source, unlike DD-OTDR or I-OFDR that can use a broadband source, which is frequency-modulated with a saw tooth wave form. Then, the modula- Moreover, the beat intensity associated with each FUT event will be proportional to the reflectivity.
In this way, the trace of a spectrum analyzer connected to the photodiode and synchronized with the saw tooth wave will be similar to the one given by OTDR given that the reference reflector and the FUT input will be at the same distance from the coupler. 
Optical Low-Coherence Reflectometry (OLCR)
As well as C-OFDR uses high coherence sources due to the long coherence length, OLCR bases its operation principle in the short co-herence length of the source. The scheme is similar: an optical source (low-coherent in this case) sent through an optical coupler to a reference mirror and to the device under test (DUT), whose reflections, after be-ing coupled again, impinge on a photodiode. Nonetheless, the meas-urement process is done by sweeping the reference mirror (i.e. modify-ing the arm length) in a way that when distance from the coupler to the mirror equals the distance from the coupler to a reflective event in the DUT, the output photocurrent will undergo an increment because of the coherent interference.
Thus, the photocurrent depending on the mirror position will be proportional to the DUT reflectometry profile. Furthermore, it should be noted the use of DUT instead of FUT referring to the fact that this method range is limited to the reference mirror displacement range, which will usually not exceed the meter.
The OLCR advantage is the resolution, given by the source coher-ence length. However, as it has already been said, the use of a moving part is a big drawback as well as the cause of the short scanning length.
Coherence Optical Time Domain Reflectometry (C-OTDR)
In the same way as OTDR, C-OTDR sends optical pulses that are reflected in the FUT events.
Nevertheless, in this method the launched pulse is modulated with a tone in the radiofrequency domain in order to produce a feasible photocurrent when beating with the local oscillator, which is not modulated. Consequently, the photocurrent generated for pulse reflection will appear at the modulation frequency due to the in-terference [27] .
Obviously, as in the C-OFDR technique, the narrow band of the source prevents interrogation of wavelength-based OFS. However, the coherent detection increases the sensitivity.
Frequency-Shifted Interferometry (FSI)
The basic scheme of a FSI interrogator is pretty similar to a Sagnac interferometer. A coherent light source is split and sent in op-posite directions through a ring cavity which has a frequency shifter, like an acousto-optic modulator, at some point in the middle [28] .
In order to perform the measurement, the frequency shift is swept linearly in a similar way as in C-OFDR, so the light beams frequencies exiting from the cavity will differ an increment proportional to the dif-ference in time that both took to reach the frequency-shifter since they were inserted into the ring, or in other words, to the path length differ-ence from each port of the frequency-shifter to the input coupler. Thus, the photocurrent frequency generated at the detector by the beat of both beams will allow to calculate one arm length knowing the length of the other. This permits the elongation measurement of a fiber due for ex-ample to strain.
Brillouin Optical Time Domain Analysis (BOTDA)
This is the most common interrogation system for distributed OFS based on stimulated Brillouin scattering. In its simplest configuration, it employs two lasers at both ends of the sensing fiber.
The first, known as the pump, is a pulsed laser that stimulates the generation of acoustic waves inside the fiber. These acoustic waves amplify the light injected from the opposite fiber end, a CW laser which is referred to as the probe. Thus, as the pump pulse travels along the fiber, it amplifies the CW signal and an OTDR like reflectometry can be performed on the pumping input end, synchronized with the pulse rate, measuring the probe light intensity. The amplification intensity depends on the wave-length, reaching its maximum at an approximated frequency shift of 11
GHz below the pump on silica-based optical fiber. Because of that, both lasers wavelengths are spaced such shift.
The exact value of the peak Brillouin frequency shift is highly sen-sitive to strain and temperature. This means that the intensity of a probe at a fixed wavelength would fade if a strain or temperature change occurs at some point in the fiber, due to the fact that the scatter-ing peak has been displaced in the spectrum. A variation in the detected level will occur while the pumping pulse goes through that point. In this way, with a proper calibration, distributed strain and temperature measurements can be done where the positions in the reflectometric trace will correspond with the spatial positions along the sensing fiber.
CONCLUSIONS
As it has been shown along this document, a whole set of fiber op-tic sensing devices and interrogation techniques exists nowadays, beating the actual electric sensors properties, whose implementation level increases day after day.
Only the principal devices and methods have been included, leaving a large number out of this review.
In the next years, as a part of the photonics revolution, it is also expected a sustained growth of the OFS field linked with the current research on fiber optics, due to the benefits that this technology offers over the traditional copper and also fostered by strong research and in-novation programs like the "Horizon 2020" promoted by the European Union.
